PURPOSE This pilot study examined the ability to operationalize the collection of real-world data to explore the potential use of real-world end points extracted from data from diverse health care data organizations and to assess how these relate to similar end points in clinical trials for immunotherapy-treated advanced non-smallcell lung cancer.
INTRODUCTION
Randomized clinical trials (RCTs) are the optimal method by which to demonstrate causal effects between treatments and outcomes, but are often slow to accrue and expensive 1 or are difficult to conduct because of practical or ethical reasons. 2 Moreover, their results may not generalize to patients who are treated in the real-world setting. 3 The unprecedented availability of real-world data (RWD), emergence of new RWD sources, improved analytic methods, and the accelerating need for clinical evidence in the face of constrained RCT resources has increased the demand for real-world evidence (RWE). Study of routinely collected health care data is increasingly important for various stakeholders who are interested in better understanding particular patient populations, evaluating drug safety in the postmarketing setting, measuring health care use and clinical outcomes, performing comparative effectiveness research, and optimizing drug pricing models. 4 However, before RWD finds widespread use as an adjunct to-or in unique settings, an alternative for-RCTs, the validity of readily extractable clinical outcomes measures-real-world end points-must be established. A fundamental step is to characterize and contrast the patient populations and methods used for aggregation and curation of RWD across various sources to understand the natural variability of key parameters in real-world settings and the extent to which they differ from that observed under highly controlled settings. 5 The US Congress and the US Food and Drug Administration (FDA) recognize the importance of further developing the use of RWD for regulatory decision making as evidenced by recent publications by the FDA [6] [7] [8] and passage of the 21st Century Cures Act (Cures Act), 9 and the Prescription Drug User Fee Act 10 VI reauthorization. 7 The Cures Act, passed in December 2016, requires the FDA to develop a framework for and issue guidance on the use of RWE for a new indication for an already-approved drug or for postmarket study as a requirement for regulatory approval. In addition, RWD comparator or benchmark data have been used in recent approvals of new cancer treatments on the basis of phase II trials. 11, 12 Academia, public and private companies, health policy organizations, and the FDA are working to establish best practices for the generation and evaluation of RWD in regulatory settings. 8, 13 To support these efforts, Friends of Cancer Research convened six organizations with oncology-focused health care data to conduct a pilot RWD project. The primary collective goals of the study were to agree on and execute a common protocol using diverse RWD and to explore how real-world end points could be used to rapidly address clinically relevant questions about treatment effectiveness.
A framework was established for data collection, end point definitions, and planned analyses, with flexibility incorporated to allow for differences in data elements across multiple RWD sources. The project examined patients with advanced non-small-cell lung cancer (aNSCLC) who were treated with programmed death 1/programmed deathligand 1 [PD-(L)1] inhibitors in the real-world setting. Initial results and potential implications were presented publicly at The Future Use of Real-World Evidence meeting hosted by Friends of Cancer Research in Washington, DC, on July 10, 2018.
PATIENTS AND METHODS

Study Design and Objectives
Data sets generated for this study included relevant and accessible patient-level RWD for eligible individuals. The project had three key objectives:
1. Identify, describe, and compare the demographic and clinical characteristics of eligible patients in each data source. 2. Assess the ability to operationalize a common protocol and generate real-world (rw) end points [overall survival (rwOS), progression-free survival (rwPFS), time to progression (rwTTP), time to next treatment (rwTTNT), and time to treatment discontinuation (rwTTD)].
Assess how rwOS compares with clinical end points as measured in RCTs.
General approaches to identifying analytic populations, defining specific variables, and conducting analyses were discussed and agreed on by all participating organizations or networks. Given the variability of the types of data and data sources available, these general approaches were tailored to each of the six contexts, as data sources differed, and may have included data from health claims, electronic health records (EHRs), data that had been extracted from text or other unstructured fields in medical charts, or some combination of these data sources. We conducted and completed database analyses within approximately 3 months from the completion of the broad study protocol.
Study Populations and Inclusion and Exclusion Criteria
Eligible patients included those who were diagnosed with aNSCLC on or after January 1, 2011. Patients were identified as having aNSCLC if they were diagnosed initially with American Joint Committee on Cancer stage IIIB or IV NSCLC, or with early-stage NSCLC with evidence of recurrence or progression described or documented in available data. Treatment with a PD-(L)1 inhibitor was identified from each organization's data sources, which may have included a medication order, a claim, or infusion databases in EHRs. To limit analyses to patients who could have been observed by health care providers who were represented in each participating organization's databases, patients had to have at least two documented clinical visits during the calendar period of interest as defined above or, alternatively, in integrated health care systems, evidence of continuous enrollment in the health plan, defined as no gap in insurance coverage greater than 90 days. For claims data sources, in which stage and progression data were not typically available, patients were included if they received treatment with a PD-(L)1 inhibitor after a diagnosis of lung cancer. During the project timeframe, insurer coverage for these agents required evidence of advanced disease as defined above. Data were sought for patients with lung cancer who were diagnosed as early as January 2011 and who initiated treatment with a PD-(L)1 inhibitor between January 2014 and October 2017, which allowed for at least 6 months of potential follow-up and identification of prior lines of therapy. End of follow-up varied by participating organization on the basis of the most recent date of reasonably complete information on outcomes of interest, with some data sets having documentation of outcomes as recent as April 30, 2018.
Patients were excluded if they had a date of diagnosis more than 90 days before the first activity date-visit or treatment administration-on the assumption that this reflected missing data on historical treatment.
Participating Organizations and Data Sources
Data partners represent a range of care models in the United States, from community oncology centers, health systems, academic medical centers, and integrated delivery system networks to mixtures of these care settings. Data curation included different approaches that were unique to each participant, including natural language processing, artificial intelligence tools, and technologyenabled abstraction and general chart review. Key characteristics of the data sources are listed in Table 1 .
All data partners in this pilot project have been using their data extensively for research over many years. Consequently, each has used a variety of curation processes designed to evaluate the quality and completeness and to strengthen data management processes to assure reliable data integration and transformations, as needed for research conduct. Thus, these research-ready networks are not typical of EHR data in general, nor of health insurance claims data that have not been subjected to such ongoing data curation.
End Point Definitions
Each data provider used the agreed upon definitions to calculate end points ( Table 2) . Study treatment refers to treatment with a PD-(L)1 inhibitor, defined here as treatment with nivolumab, pembrolizumab, or atezolizumab.
Statistical Analysis
Each data provider analyzed their own data, as is common in many federated research networks and, hence, there may have been specific nuances to each data source that are not captured directly in the above definitions. Results were shared with Friends of Cancer Research, who, as a neutral third party, summarized the findings in an anonymous fashion. Patient, tumor, and treatment characteristics were analyzed using descriptive statistics. Continuous variables were summarized using medians and interquartile ranges. Categorical variables were calculated as frequencies. We used Kaplan-Meier methods to estimate time-to-event end points with 95% CIs estimating median times to event. Correlations between rwOS and each time-to-event end point were calculated using Spearman's rank-order correlation. Correlation analysis was restricted to those patients who had experienced both death and the event of interest. Table 3 lists the demographic and clinical characteristics of each patient population. The six data sets included 269 to 6,924 patients with lung cancer who were diagnosed as early as January 1, 2011, and who initiated treatment with a PD-(L)1 inhibitor between January 1, 2014, and October 30, 2017. Median age at diagnosis of lung cancer ranged from 64 to 70 years. Data sets were composed of 50% to 56% male patients and a large majority of patients (65% to 87%) were white with 6% to 13% Black or African American. Source and missing data of information on race/ ethnicity varied significantly by data set. In data set C, 19% of patients were identified as Asian, otherwise, Asians represented 1% to 5% of the cohort. Median household income information was available for only two of the six data sets. Information on tobacco use was available in four datasets and, as expected, most patients (78% to 92%) were documented as having a history of tobacco smoking.
RESULTS
Patient Identification and Characteristics
In the four data sets with stage at initial diagnosis, 69% to 100% of patients were diagnosed with stage III or IV disease. [In addition, for data set A, evidence of advanced disease, defined as either stage IIIB or IV NSCLC at initial diagnosis or early-stage (I, II, and IIIA) NSCLC with a recurrence or progression is required by the health plan for coverage of a PD-(L)1 during this study period.] Tumor histology was available in five data sets, among which 66% to 74% of patients had non-squamous-cell carcinoma and 17% to 30% had squamous-cell carcinoma. In some data sets, PD-L1 expression testing was available in a subset of patients. Where results were available from ALK or EGFR testing, few patients had ALK translocations or EGFR mutations. In the largest proportion of cases (32% to 56%), PD-(L)1 inhibitor therapy represented the second line of treatment in the advanced disease setting.
Line of therapy information was derived in five of six data sets. During the study period, most patients received a PD-(L)1 inhibitor after first-line treatment. Few patients received a second PD-(L)1 inhibitor. Overall, median followup time from the initiation of PD-(L)1 inhibitor therapy was 6 to 9 months, with an interquartile range of 9 to 13 months.
Patient Identification and Characteristics: What We Learned
Whereas the depth of information varied by data source, with EHR and cancer registry data providing access to richer clinical information, all data providers were able to expeditiously identify a cohort of patients with aNSCLC who received PD-(L)1 and observe them for at least 6 months. In addition, the option of identifying a patient's diagnosis date or simply identifying patients at the time of first PD-(L)1 inhibitor treatment provides the flexibility to study all treatment regimens or only immunotherapy. Table 4 lists median times for real-world end points in each data set. The range of median rwOS times was 8.58 months to 13.50 months, presumably driven in large part by the sources of death information, which varied from the confirmation of death being reported in the EHR to linkage with the Social Security Administration (SSA) Death Master File. Data set B demonstrates the variability that can exist in determining death and the potential effect on survival end points by calculating rwOS in all sites and when only including sites with SSA or state death data available. rwTTD was the most consistent end point as treatment detail was available in all data sets. Excluding data set A, which seems to be an outlier, median rwTTD for the remaining data sets ranged between 3.2 months and 4.7 months. Similarly, rwTTNT was consistent, ranging from 11.6 months to 14.0 months. rwTTP and rwPFS were calculated with data sets D and F in which information was extracted from the text or other unstructured fields in the EHR. Other data providers used primarily structured data from claims or EHRs for this analysis, which precluded capture of these end points. (Table 4 ). The proportion of patients who were alive at 12 months after initiation of PD-(L)1 therapy ranged from 40% to 57%. rwTTD and rwOS median times and 95% CIs segmented by treatment setting and demographic characteristics were also calculated ( Table 5 ). This further illustrates the ability of RWD to assess treatment effectiveness in patient populations that may not be routinely Real-world time to treatment discontinuation Length of time from the date the patient initiates treatment with a PD-(L)1 inhibitor to the date the patient discontinues the treatment. The study treatment discontinuation date was defined as the last administration or noncancelled order of a drug contained within the PD-(L)1 regimen. Discontinuation was defined as having a subsequent systemic therapy after the initial PD-(L)1-containing regimen, having a gap of more than 120 days with no systemic therapy after the last administration, or having a date of death while on the PD-(L)1-containing regimen.
Real-World End Points
Patients without a discontinuation were censored at their last known PD-(L)1 use
Real-world progression event
Distinct episode in which the treating clinician concludes that there has been growth or worsening in the cancer, as determined by review of the patient chart. As this is typically determined by review of the patient chart and progression events are not documented in structured fields, this was readily available only for participating organizations in which chart review was performed (14) 66 (14) 69 (14) 68 (14) 70 (14) Median age at PD-(L)1 inhibitor initiation, years (IQR) 69 (14) 65 (14) 68 (14) 69 (14) 69 (14) 71 (14) Age categories at PD- represented in clinical trials. For each of the available realworld end points, correlation with rwOS was assessed ( Table 6 ). With few exceptions, correlation was in the range of 0.60 to 0.89.
Real-World End Points: What We Learned
All data partners were able to collect information on treatment and mortality data and rapidly assemble this information to quantify real-world treatment duration and rwOS; however, information that confirmed death, including date and cause of death, varied by data source and proved to be challenging. Assessing rwTTP and rwPFS requires extracting information from text and other unstructured fields within EHRs as a result of the specific information needed. Whereas health plans that implement prior authorization systems may collect and NOTE. Empty data fields indicate variables that were not collected. Abbreviations: N/A, not applicable; PD-(L)1, programmed death 1/programmed death-ligand 1; Q, quarter.
Comparing Real-World and RCT End Points in Immunotherapy-Treated aNSCLC retain progression information, it will be limited to those seeking a next line of treatment. Therefore, we believe EHRs will be a key data source for evaluating the impact of treatment on rwTTP and rwPFS compared with claims data.
Although clinical trials often have rigid inclusion and exclusion criteria to assess the safety and efficacy of a therapy, this study assessed real-world end points in a much broader patient population. Overall survival in five RCTs that assessed PD-(L)1 therapies in patients with aNSCLC had a median OS of 12.6 months (POP-LAR clinical trial), 13.8 months (OAK clinical trial), 12.2 months (CheckMate 057), 9.2 months (CheckMate 017), and 10.4 months or 12.7 months, depending on dosage (KEYNOTE-010). 15 Of interest, rwOS from this study falls within the range observed in these clinical trials. Additional work to understand how real-world end points relate to more traditional measures of clinical benefit used in clinical trials is needed.
Agreement on and monitoring of statistical analyses through a research project plan to assure similarity in execution is fundamental because of the important differences between data sources. Given the timeliness and real-world nature of the data, methods to assess the impact of and account for censoring are important. Some patients continue to receive PD-(L)1 inhibitor treatment for many months and others may be lost to follow-up or unenroll from the health plan. These facts must be considered when estimating real-world end points.
DISCUSSION
This pilot project represents an effort to bring together diverse providers of established RWD drawn from EHRs, cancer registries, and administrative claims sources to assess the feasibility of using RWD to address questions that are relevant to clinical development (eg, identification of unmet needs and contextualization of clinical trial results for new therapies, or expanded indication for existing therapies) and use (eg, adverse event and dosing considerations). This pilot project successfully brought together experienced data providers who created a common framework to address a singular question to assess whether real-world end points could be extracted from RWD of patients with aNSCLC who were treated with a PD-(L)1. Recognizing that these data partners were selected because of their research-ready data, the data protocol was executed by each group within approximately 3 months, using staff members who were already experienced in the databases, data management, and data curation practices.
Key findings of this preliminary validation exercise demonstrate that clinical questions can be addressed in a relatively short timeframe as a result of the ability to access contemporaneous cohorts, and RWD can produce findings that are directionally similar to those from RCTs, particularly with regard to OS. In fact, some data sets had outcome data as recent as 3 months before the analysis readout. rwOS as assessed through EHRs and claims data fell within the median OS values observed in several PD-(L)1 clinical trials. 15 Variations in the rwOS signal are likely a result of challenges with accessing mortality data, as death would not by itself trigger an entry in most EHRs. Clinical workflows and their documentation in EHRs and claims data are not designed to routinely capture information about death, including the date or cause of death. In a recent EHR-based study using a single EHR, sensitivity of the structured mortality variable was only 66% and the publicly available SSA Death Master File was even lower at 35%. 16 To address known gaps in death data, some of the participating data providers rely on proprietary data sources that harvest published obituary data. 17 Such data linkages, which leverage the scale and breadth of multiple data types and sources, were highlighted as a critical mechanism to address missing data and create more robust data sources. In addition, a recent study helped to elucidate at what threshold does incompleteness begin to affect findings. It has been observed that the impact of missing death data on survival analyses and estimates of OS is small when mortality capture sensitivity is high (eg, approximately 90% or more) 18 ; however, this was not analyzed in this study.
Directional patterns observed in the project data provide useful information about the utility of real-world end points and important information on patient populations that are often excluded from clinical trials. Moreover, recognizing that these data reflect contemporary treatment of cancer, the data offer important signals about how treatments are administered and how patients' disease responds outside of rigidly controlled clinical trials. In addition, levels of correlation to rwOS between several of the other real-world intermediate end points that were assessed ranged from 0.6 to 0.9, which indicates that real-world end points could have utility in supporting regulatory and payer decision making. Moreover, several characteristics are shared among the analyzed cohorts, despite varying sample sizes, data capture/curation processes, case identification, and data sources.
The implication of these findings is that RWD can provide useful and timely evidence to quantify the benefits and risks of new cancer treatments used in real-world settings. These results further demonstrate the utility of RWE and the need for additional investigations to assess readily extractable end points from RWD sources. Although there is a great deal of discussion about what constitutes regulatory-grade RWD, concordance between RWD and RCT data shown here demonstrates the basic principles needed to support RWD, namely that enough patients who meet the criteria of interest can be aggregated and selected without bias, and consistent follow-up data and validated end points are available for the same population.
Once those criteria have been satisfied, the next level of examination is to determine whether the must-have data for a given study are available and are of sufficient quality and completeness, 5 and FDA guidance on end points is available to support oncology drug approvals. 19 Ongoing data curation processes used by these data sources allow for quick utilization of these data as many data partners assess the quality and completeness of data through ongoing quality assurance activities. Whereas this exercise demonstrated that not all data sources readily contain the same information, nor the same depth of clinical data of interest, they all contributed value toward estimating real-world treatment benefits and risks. That said, the completeness and accuracy of mortality information have not yet been assessed in results presented here. It would be helpful to establish best practices for managing missing data as well as curation efforts used to link and combine data sets, ensuring analytical consistency and establishing optimal effectiveness and other end points in a fashion similar to the clinical trials community.
RWD may differ from protocol-driven data collected through RCTs for various reasons. For example, RCTs have specified timing and frequency of follow-up assessment, per study protocol, and non-standard of care molecular or biomarker testing for inclusion eligibility and/or follow-up. Thus, generalizability can be enhanced using RWE as a supplement to RCTs or as external comparators. 20 A related challenge involves the lack of standardized biomarker assays in the real world, which may affect comparisons among results of studies conducted in different settings. Moreover, some variables of interest, such as the date of progression, are not typically available in structured EHRs, unavailable in claims data, and are not captured in tumor registries 21 ; however, proxy measures, such as time to change in treatment, are often useful and have been used with both EHR and claims data. When available, the date of progression is generally found only in EHR text or other unstructured fields-for example, clinician notes, radiology and pathology reports, and documents from outside the institute scanned into the EHR. Even then, comparability of rwPFS with PFS is uncertain with less systematic follow-up for progression and requires additional research. Other important elements, such as the date of diagnosis, stage of disease, intended and received chemotherapy treatments, and various clinical and socioeconomic factors, may be missing for some patients, and the magnitude of missing data may vary across data sources.
In the case of claims-based data, some or all of the care that patients receive in a clinical trial setting may not generate insurance claims as the costs of these tests are borne by the trial sponsor and not the health care insurer, thus creating a systematic data gap. Because patients with advanced cancer are more likely to participate in clinical trials, this may be a meaningful issue in the current set of analyses. Similarly, in the case of EHR-based data, coverage may be limited when patients receive their care from multiple providers across different settings-for example, patients who receive portions of their care at an academic medical center and portions in the community practice setting. If a data provider sources information exclusively from the academic center or community practice, important clinical data gaps may exist. Furthermore, it is challenging to assemble and contrast the experience of patients who are treated at the same point in the course of their disease, as patients do not always present for care at prescribed intervals as they would in an RCT.
RWD may have some missing common data elements of interest, will almost always have nonstandard timepoints at which data from clinical encounters are documented, and reflect variability in types of diagnostic tests and data quality. Nonetheless, RWE is not posed here as a solution to every problem, but rather as a cost-effective and relatively reliable tool for understanding cancer treatment Table 1 (Continued) Variable heterogeneity and effectiveness. RWD provides an opportunity to rapidly address clinically relevant questions. RWE also provides an opportunity to investigate the effectiveness of therapies in patient populations and in combinations and treatment sequences that have not been studied in a clinical trial and can supplement drug development programs in meaningful ways. For example, effectiveness of therapies and long-term surveillance after initial FDA approval of medications is an area in which RWD can provide important insights. In addition, the scarcity of patients or loss of clinical equipoise may make random assignment difficult or impossible. By creating a well-reasoned approach for assessing the quality of RWD and how to apply these data to the development of RWE, we can ensure that the massive amounts of data that are generated in the course of routine health care provision and transactions can be useful for advancing drug development and efforts at generating knowledge.
This project demonstrates that acceptable data can be aggregated from research-ready RWD with short lag time and that outcomes can be measured from these data sources. Additional studies are needed to further support the use of RWE and inform the development of regulatory guidance. Standardizing definitions for real-world end points and determining appropriate analytic methodologies for RWD will be critical for broader adoption of realworld studies and will provide greater confidence in associated findings. As more refined and standardized approaches are developed that incorporate deep clinical and bioinformatics expertise, the greater the utility of RWD will be for detecting even small, but important, differences in treatment effects. 
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